sample was obtained, of which 2.5 mL was transferred into ethylenediaminetetraacetic acid (EDTA) tubes and 3.5 mL into plain tubes without anticoagulant. Blood samples were immediately kept at 4°C. Precautions were taken to prevent contamination with zinc during blood sampling and storage.
Fish supplementation
The undernourished children and their family members each received 100 g catfish fillets (Clarias gariepinus) three times a week during the 12 month intervention period. Each family also received 750 mL sunflower oil every 2 weeks for cooking purposes. A shallow fat frying procedure was used where gut fat from the catfish fillets was melted and used as the oil source in addition to the sunflower oil to increase energy availability. 20 Fish was supplied to all family members to ensure that participating undernourished children received and consumed their fish portions. A control group of children received no fish. Fish used in the study were either produced by the Aquaculture Research Intensive Fish Production Unit of the University of the North or purchased from local commercial catfish farmers. Despite environmental differences, all the fish used for this intervention study were fed the same commercial diets (6.6% moisture, 34.6% protein, 3.9% fat, 2.1% ash; Brennco Feeds, Louis Trichardt, South Africa) to ensure consistency of the fish fillet fatty acid profiles (Table  1) as analysed by Hoffman et al. 21 The undernourished families visited the local clinic three times a week to collect their raw fish portions. Two nutrition Catfish supplementation and South African children 97 tooth catfish (Clarias gariepinus) supplementation on the nutritional status of undernourished preschool children, after a 6 month and 12 month intervention trial was subsequently evaluated, in order to compare the fatty acid status and growth of the supplemented children with those of a control group of 'normally' growing children. We hypothesized that fish supplementation would promote growth of the undernourished children.
Subjects and methods

Subjects
The present study formed part of an aquaculture intervention study on a low socioeconomic community in Monyamane, Lebowa, from April 1993 to May 1994. Initial screening of 659 children aged 6-72 months was done during March 1993 to identify those with weight-for-age measurements below minus two Standard Deviations (< -2 SD) of the reference median according to the National Center for Health Statistics (NCHS) 16, 17 and a mid-upper-arm circumference (MUAC) below the 5th percentile of Frisancho's standards. 18 A total of 52 children aged 13-69 months were diagnosed as being undernourished, with 35 meeting both selection criteria. The remaining 17 children were only underweight, but were nevertheless included, as 35 children was considered to be too small a number for the proposed intervention study. A control group of children was selected from the initial study sample and comprised well-nourished children (n = 50) with weights > -2 SD of the NCHS median and normal MUAC measurements, matched for age and sex. Permission to conduct this survey was obtained from the Kgosi (chief), and the health and school authorities from each area. Informed consent was obtained from the children's parents or guardians. The procedures and protocol were reviewed and approved by the Ethics Committee of the Medical Research Council.
Anthropometry and blood sampling
Anthropometric measurements and blood samples were collected in the local clinic at baseline, after 6 months intervention and after 12 months intervention. During each survey, all of the undernourished and control children were subjected to anthropometric measurements by the same observers. Anthropometric measurements were taken in the morning by two trained dietitians and a nurse according to standard methodology. 19 A movable headboard and a measuring tape fixed to a table were used to measure the recumbent length of children under 2 years of age. Heights of older children were measured without their shoes to the nearest 0.1 cm using a right-angled headboard and a non-stretchable measuring tape fastened to a flat vertical wall.
Weights were recorded on a digital scale to the nearest 0.01 kg. Mid-upper-arm circumference was measured at the midpoint between the lateral projection of the acromion process of the scapula and the inferior margin of the olecranon process of the ulna with an inflexible plastic tape to the nearest 0.1 cm. A flexible non-stretchable measuring tape was used to record head circumference (HC). The lower edge of the tape was positioned slightly above the supra-orbital ridges, above the ears and around the head so that a maximum circumference could be recorded to the nearest 0.1 cm. A paediatrician collected blood samples by peripheral venipuncture during the early morning. A 6 mL venous blood matched for age and sex, groups were unequal in numbers because all selected children were not always available for blood collections. This may be attributed to control children and their guardians being less motivated to participate in this intervention study, because they did not receive fish. A mixed-effects regression model was used to test the hypothesis that changes in fatty acid status after fish supplementation were associated with growth. 26 Regression analysis were assessed on all children (n = 102) who participated in this study, irrespective of group, and comprised Z-scores on both sides of the median. This model was preferred for its detailed analysis of longitudinal data that allows the use of data from individuals with missing data and the estimation of individual patterns of change in the same analysis. It includes random effects to account for the natural heterogeneity in growth patterns of children. This heterogeneity is expected due to the interaction of various factors that can affect growth. The model consisted of fixed effects for intervention status, time, intervention-time interaction, fatty acid (18:1ω9 or 22:6ω3), ferritin, ALP and a random intercept for each child. The growth outcomes modelled were height-for-age Zscores (HAZ), weight-for-age Z-scores (WAZ) and weightfor-height Z-scores (WHZ). Ferritin 27, 28 and ALP 29 are known to be influenced by growth, and were therefore included in the model, because they responded to the intervention treatment in concert with 18:1ω9 and 22:6ω3. Table 1 provides the approximate composition and mineral content of the catfish fillets and calculated supplemented daily intakes of protein, fat, energy and minerals of the undernourished children. 21 Assuming complete compliance, each undernourished child received 7.1 g animal protein, 2.2 g fat and 204 kJ energy daily from the fish. An additional 277 kJ energy was supplied daily by the sunflower cooking oil. No dietary information was collected in this study. A previous study of Pedi (a Sotho-speaking people, originally part of the Kgatla tribe of Botswana, which broke away and settled in Sekhukhune, a part of Lebowa in the north-east of South Africa) preschool children from the same area revealed low mean daily energy intakes of 4541 kJ, 15 but adequate daily protein (40 g vs RDA of 24 g) intakes, albeit low in animal proteins (chicken and eggs), which only contributed to 40% of the total protein intake. The fish (43 g/day) consequently provided an additional 481 kJ energy, which increased the daily energy intake of the undernourished ≠children from 60% to 67% of the recommended dietary allowance (RDA) for children of this age group. 30 In addition, the fish provided micronutrients 31 such as iron (3.7 mg/day; 37% of RDA), zinc (1.3 mg/day; 13% of RDA) and polyunsaturated fatty acids (PUFA) that consisted of ω6 and ω3 fatty acids (respectively 299 mg/day and 115 mg/day).
Results
This represents a 34% increase in iron intake and a 7% increase in PUFA intake. The sunflower cooking oil (7.5 g/day) provided an additional 4.8 g PUFA per day, which represents an 80% increase in PUFA intake. educators who were recruited from the same village and thoroughly trained distributed the prepacked fish fillets, which were stored at -20°C. They were responsible for demonstrations regarding the preparation of fish and advised the mothers/guardians on the portion sizes for each participant. The educators were also responsible for keeping accurate records of the fish that was collected during the 12 month intervention period, and they meticulously followed up all families who neglected to collect their fish portions regularly. The mothers/guardians of both groups of children received the same nutritional counselling during the intervention period of 12 months.
Blood analyses
Haematology and biochemistry. Initial haematological determinations were done on EDTA samples, and have been discussed elsewhere. 15 Plasma for biochemistry was prepared by centrifugation and stored in 1.5 mL Eppendorf tubes at -80°C in a Forma bio-freezer until analyses could be done. were determined by immunoradiometric assays. Vitamins A (retinol) and E (α-tocopherol) were determined by liquid chromatography. 22 Plasma zinc was measured by electrothermal atomic absorption spectroscopy.
Fatty acid and lipid analysis. Frozen plasma samples were thawed at room temperature and processed within 1 week. Lipids were extracted from plasma with chloroform/methanol (2:1; v/v) containing butylated hydroxytoluene (454 × 10 -6 mol/L) as antioxidant, and then separated by thin layer chromatography (TLC). 23 Plasma phosphatidylcholine (PC) was analysed as described previously. 14 Areas on TLC plates containing PC were identified by comparison with known response factor values, scraped into glass stoppered tubes and transmethylated. 14 Fatty acid analysis was performed on a model 3700 Varian gas-liquid chromatograph using fused silica megabore DB-225 columns (J & W Scientific, Folsom, USA, Cat. no. 125-2232). 14,24 Gas flow rates were: hydrogen (carrier gas), 5-8 mL/min; medical air, 250 mL/min; and hydrogen, 25 mL/min. Temperature programming was linear at 3°C/min, initial temperature 165°C, final temperature 220°C, injection temperature 240°C, and detector temperature 250°C. A fatty acid mixture standard was prepared from individual fatty acids (Sigma, St Louis, MO, USA). Fatty acid methyl esters of PC were identified by comparison of the retention times to those of the standard mixture of free fatty acids from 14:0 to 22:6ω3.
Statistical analysis
Results are expressed as means and standard deviations (SD). Differences between the undernourished and control groups were determined by using the Wilcoxon Signed Rank Test, as the variables were not distributed normally according to the Shapiro-Wilk test. 25 In spite of all children selected being ished children achieved a rate of weight gain (0.68 g/kg/day) that was 1.33 times faster than the rate of the control children (0.51 g/kg/day) during the 0-6 months period. Undernourished children had lower (P ≤ 0.01) HC at baseline and after 6 month of fish supplementation compared with unsupplemented control children. This difference was, however, not significant after 12 months of intervention. Because children would have grown despite the intervention, the use of HAZ, WAZ and WHZ indices were considered to be more appropriate. Figure 1 presents the mean change (SD) in anthropometry of children under 6 years of age with low and normal anthropometric indices (NCHS) after 0-6 months, 6-12 months and 0-12 months intervention. Changes in HAZ in the supplemented undernourished children compared with the control children over the 0-12 months intervention period were statistically significant (P ≤ 0.01). Intervention had no effect on the prevalence of stunting that remained at 69.2% for the undernourished children versus 16% for the control children. Changes in WAZ were different (P ≤ 0.05) in the supplemented undernourished children when compared with the control children during the 0-6 months intervention period. Changes in WAZ were, however, not significantly different between the two groups during the 6-12 months and 0-12 months intervention periods. Changes in WHZ were not significantly different between the two groups during the intervention study. Table 3 presents biochemical data of the undernourished and control children at baseline, after 6 months and 12 months of intervention. Fish supplementation appeared to have no effect on plasma TAG, total cholesterol, albumin and transferrin concentrations. Although the undernourished children had lower plasma ALP activities at baseline than the control children, this was not significant. A considerable number of the undernourished children (57%) and control children (67.5%) had low plasma ferritin concentrations (<12 ng/mL) before intervention (normal range: 12-220 ng/mL), reflecting low iron stores. 12 After 0-6 months of intervention, 61.5% of the supplemented undernourished children and 72.1% of the control children had low ferritin concentrations. Plasma ferritin concentrations increased (P ≤ 0.001) more in the supplemented undernourished children after 12 months of intervention compared with the control children. After 0-12 months of intervention, 4.7% of the supplemented undernourished children and 11.8% of the control children had low ferritin concentrations. Plasma folate and vitamin B 12 concentrations were normal in both groups (normal range: 4-22 ng/mL and 200-800 pmol/L, respectively) during the intervention study. 32 Significantly different from controls: * P < 0.01; ** P < 0.0001. MUAC, mid-upper-arm circumference; HC, head circumference; HAZ, height-for-age Zscore; WAZ, weight-for-age Z-score; WHZ, weight-for-height Z-score.
Figure 1.
Mean change (SD) in anthropometry of (n) undernourished and (o) control children under 6 years of age with low and normal anthropometric indices (NCHS) after 0-6 months, 6-12 months and 0-12 months intervention. HAZ, height-for-age Z-scores; WAZ, weight-for-age Z-scores; WHZ, weight-for-height Z-scores; *P ≤ 0.05; **P ≤ 0.01.
6 months of intervention. After 12 months of intervention, the supplemented undernourished children had lower (P ≤ 0.01) zinc concentrations than the control children. The change in ALP is shown in Fig. 2 . Mean ALP activity tended to be increased after 0-6 months of intervention, but was significantly (P ≤ 0.05) reduced by 22.16 U/L in the undernourished children during the 6-12 months intervention period compared with the increase of 52.43 U/L in the control children.
The change in ferritin is shown in Fig. 3 . The mean change of ferritin concentrations was higher in the supplemented undernourished children during the 6-12 months (P The number of children who presented with anaemia before intervention was considerable: a prevalence of 28.7% using a cut-off point of <11 g/dL. 33 Considerably fewer undernourished children (23.6%) than control children (35.9%) were anaemic before intervention. 12, 34 Both groups had similar Hb concentrations during the intervention study. After 0-6 months of intervention, 26.8% of the supplemented undernourished children and 17.7% of the control children were anaemic. This relates to a change of 20% for the total group of children (undernourished and controls). After 0-12 months of intervention, 18.9% of the supplemented undernourished children and 18% of the control children were anaemic. Both groups had normal mean serum vitamin A concentrations (normal: >20 µg/dL) during the intervention study.
Surprisingly, the undernourished children did not appear to be vitamin A deficient before intervention, despite a reported prevalence of about 44% in the Northern Province. 35 Averages, however, can be misleading, because 20% (n = 11) of the undernourished children and 21% (n = 8) of the control children had vitamin A concentrations <20 µg/dL at baseline. After 0-6 months of intervention, 30.8% of the supplemented undernourished children and 21.7% of the control children were vitamin A deficient. After 0-12 months of intervention, 42.9% of the supplemented undernourished children and 35% of the control children were vitamin A deficient. Both groups had normal serum vitamin E concentrations (normal range: 0.5-1.6 mg/L) at baseline and after 6 months of intervention. 36 No samples could be analysed from the 12 month intervention batch due to inadequate volumes. Plasma zinc concentrations were reduced in both groups after ≤ 0.01) and 0-12 months (P ≤ 0.05) intervention periods compared with that of the control children. Table 4 presents the fatty acid composition of plasma PC for the undernourished and control children at baseline, after 6 months and 12 months of intervention. Baseline OA levels were higher (P ≤ 0.05) in the undernourished children compared with the control children before supplementation with concomitantly lower (P ≤ 0.05) Σω6 and Σ(ω6 + ω3) fatty acids. Eicosatrienoic acid (ETA; 20:3ω3) was higher (P ≤ 0.05) in the supplemented undernourished children compared with the control children after 6 months of intervention. Docosapentaenoic acid (DPA; 22:5ω3) was lower (P ≤ 0.05) in the supplemented undernourished children compared with the control children after 12 months of intervention. Mean docosahexaeoic acid (DHA; 22:6ω3) levels were maintained at the levels that were reached after 6 months of fish supplementation. Table 5 presents the effect of fish supplementation on the mean change of plasma PC fatty acids of undernourished children after 0-6 months, after 6-12 months and after 0-12 months compared with unsupplemented controls. Eicosapentaeonic acid (EPA; 20:5ω3), DHA, post ∆5 ω3 and Σ ω3 fatty acids were increased (P ≤ 0.05) in the supplemented undernourished children during the 0-6 months intervention period compared with those of the control children. Docosapentaenoic acid (DPA; 11:5ω3) was decreased (P ≤ 0.05) in the supplemented undernourished children during the 6-12 months intervention period compared with that of the control children. The mean change of fatty acids was not significantly different between groups during the 0-12 months intervention period.
Two mixed-effects regression models (Table 6 ) estimated the regression coefficients of OA and DHA on growth outcomes that were adjusted for experimental design, ferritin and ALP. Outcomes are coefficients (standard error). The model of OA in plasma PC predicted that HAZ would shift to the left by 0.0026 (0.0012) Z-scores for every unit that ALP increased (P = 0.0302) or that HAZ would shift to the right by 0.0002 (0.0001) Z-scores for every 1% increase of OA (range 7-15%) in combination with every unit that ALP increased (P = 0.0359). This model also predicted that WAZ would shift to the left by 0.1221 (0.0582) Z-scores for every 1% that OA increased (P = 0.0378).
The model for DHA in plasma PC predicted the following: For every 1% that DHA (range: 2.22-7.68% in plasma PC) increased (P = 0.0415), WAZ would shift to the right by 0.1393 (0.0677) Z-scores. If ALP increased by one unit (P = 0.0094), WAZ would shift to the right by 0.0013 (0.0005) Zscores. When DHA increased by 1% in combination with 
Discussion
This study provides an insight into changes that occurred in the biochemistry and lipid metabolism of undernourished preschool children in Lebowa in response to a habitual diet that was supplemented with catfish and sunflower cooking oil. The results indicate that fish supplementation could play an important role in reducing growth retardation of preschool children. Undernourished children are particularly at risk of developing degenerative diseases with rising affluence. 37 This risk of increased morbidity can, however, be prevented by improving the diets and lifestyles of such children. Weight-for-age Z-scores improved more in the supplemented undernourished children during the 0-6 months period compared with that of the control children, which questions compliance to the fish supplement during the last 6 months of this intervention study. Possible explanations are seasonal growth changes, 38 or that the supplemented undernourished children became tired of eating the fish for longer than 6 months. However, significant increases in the ferritin concentrations of the supplemented undernourished children compared with those of the control children during the 6-12 months period, suggests that ferritin increased in addition to any seasonal changes. The increased ferritin levels in both groups after 12 months may be an intervention effect, as mothers/guardians could have been influenced to give their children more food, viz. both groups of mothers/guardians received the same nutritional counselling during the intervention period of 12 months.
Another reason for ferritin increases in both groups could be underlying infections. 39 It is also possible that the undernourished children reached a new plateau of growth in weight after 6 months of supplementation, as growth is known to be an oscillatory process. 40 DHA incorporation in the plasma PC of the undernourished children also reached a plateau after 6 months of fish supplementation and remained at these levels for the remaining 6 months. If the children did not eat the fish during the last 6 months of this intervention study, lower plasma PC DHA levels would have been expected at the 12 month period. 41 The results of this study therefore suggest compliance to the fish diet.
Significant improvement of HAZ (Fig. 1 ) after 1 year of intervention could be attributed to the increased consumption of animal proteins that was provided by the catfish, 3,42 since a previous survey indicated an inadequate intake of animal proteins that was associated with stunting. 14 Animal proteins increase the bioavailability of micronutrients such as zinc and iron, which are normally poorly absorbed with diets that have a high fibre and phytate content. 43 This makes undernourished children with higher requirements for nutrients especially vulnerable to stunting when they are exposed to marginal dietary intakes. 44 The improvement (increased change) in WAZ seen after 6 months of intervention was no longer significant after 12 months of intervention, which may indicate that the undernourished children received insufficient supplementation for sustained growth. 45 Significant increases in the concentration of ferritin and content of long-chain ω3 fatty acids with concomitant decreases in ALP and OA of the undernourished children upon intervention clearly shows the complexity of the inter- Table 5 . The effect of fish supplementation on the mean (SD) percentage change of plasma phosphatidylcholine (PC) fatty acids of undernourished children under 6 years of age after 0-6 months, after 6-12 months and after 0-12 months compared with unsupplemented controls actions that occurred when growth was promoted by the nutritious fish. The meaning of a single measurement in isolation can accordingly be very difficult to interpret. Because linear and ponderal growth improved with fish supplementation, other factors besides energy and proteins need to be considered. 6 The increased intake of iron (as measured by changes in ferritin concentration) by the supplemented undernourished children may also have contributed to the growth improvement. 27, 28, 46 Although the supplemented fish had no effect on the plasma zinc concentration of the undernourished children, 4 an indirect effect on growth cannot be excluded. A low prevalence of vitamin A deficiency in both groups at baseline (20-21%), has important epidemiological implications which indicate that inference from provincial levels cannot be extrapolated to specific areas. 35 A prominent feature of the undernourished children at baseline was their high OA content in plasma PC, which was reduced to the levels of the control children with intervention. Fish supplementation resulted in a decrease of OA that was compensated for by significant increases in plasma PC ω3 fatty acids after 0-6 months of intervention (Table 5) . This was mainly due to increases (P ≤ 0.05) of EPA and DHA and indicates dietary compliance to the supplemented fish. 47 Plasma PC DHA reflected fish intake better than EPA in this study, in contrast to the findings of Bønaa et al., 48 probably due to the higher DHA content of catfish, which makes DHA a better marker for dietary compliance to longterm fish intake. 49 The most significant finding of this study was the demonstration of significant associations between WAZ shifts to the right and OA decreases in plasma PC (P = 0.0378), suggesting that increased levels of plasma PC OA during undernutrition may have a negative effect on weight. This confirms the inverse association that we observed between plasma phospholipid OA levels and weight increases of growing rats. 50 Because the mixed-effects models take increases in ALP and ferritin into account, OA could be used as a marker to predict WAZ status.
The mechanism of the interrelationship between OA and growth is unknown. Results from this study suggest that OA seems to be replaced by DHA in plasma PC. DHA was positively associated with WAZ, which was 107-fold greater than the positive association with ALP, and 82-fold greater than the combined positive association with ferritin. The DHA status of plasma PC in combination with ferritin therefore appears to be a powerful indicator that predicts WAZ status of children. The physiological significance of this association is not clear. The possibility of DHA's effect on WAZ could be mediated via EPA through prostaglandins of the 3-series, because of dietary DHA's ability to retroconvert to EPA. 51 As neither OA nor DHA was associated with HAZ in plasma PC, it can be concluded that these fatty acids had no effect on bone formation, because both are expected to be intracellular messengers of calcium mobilization. 52 Unlike a negative effect of a DHA-supplemented formula on growth of preterm infants and unaffected AA status, 53 the results of this study suggest that DHA had a positive effect on growth (WAZ that shifted to the right as DHA composition in plasma PC increased) and no effect on AA status. The catfish as well as the sunflower cooking oil (±65% ω6 fatty acids) in this study actually provided more ω6 than ω3 fatty acids (Table 1) , which could have counteracted the inhibiting effect of the ω3 fatty acids. This might explain why the metabolism of AA was not affected.
Fish oil, rich in EPA and DHA, has been shown to improve calcium status in rats. 54 Children who consume a vegetarian diet are likely to have low calcium intakes, because a vegetarian diet typically tends to be low in calcium, zinc and iron. 55 Fish supplementation may therefore improve calcium availability of shorter children so that bone formation can occur. 56 Increases in the number and activity of ALP-producing cells of bone that stimulate bone growth are known to increase the levels of serum ALP in normally growing children, 57 which agrees with the results of this study in which ALP activity tended to increase in the supplemented undernourished children during the first 6 months of intervention that resulted in growth. ALP, alkaline phosphatase; HC, head circumference; HAZ, height-for-age Z-score; WAZ, weight-for-age Z-score; WHZ, weight-for-height Z-score.
The sizeable intake of fish-derived micronutrients (iron and zinc), proteins and energy, 58 which may affect growth independently of fatty acid intake, 59 as well as shortcomings in the study design, undermine the ability to attribute growth increments to any specific nutrients that were consumed. An increase of fish protein, a major source of carnitine, could also explain the growth improvement, as carnitine facilitates the entry of long-chain fatty acids into mitochondria to be used in energy-generating processes that include muscle formation and bone growth. 60 An increase in ALP, a marker of bone formation, suggests that bone growth was promoted, as HAZ improved significantly in the supplemented undernourished children. 29 Although regression to the mean effects are likely to occur where the children studied belonged to extreme anthropometric groups, 61 the use of a control group and intervention before baseline intervention commenced, minimized the effect of regression to the mean. 62 Natural regression might have been accelerated in the undernourished group that was supplemented and may question the response in relation to the control group that was not supplemented, 63 for consent to venipuncture also constitutes an intervention. Complete control of regression would, however, be impossible, as it would be unethical to use a control group of undernourished children who were denied supplementation. 61 A supplement of 43 g catfish (Clarias gariepinus) and 7.5 g sunflower cooking oil per day to undernourished children (WAZ < -2 SD) resulted in significant improvements in WAZ after 6 months of intervention, and in HAZ after 12 months of intervention. Because the improved WAZ was only significant after the first 6 months of intervention, the fish supplement and cooking oil that supplied additional energy (7% E) and nutrients may have been adequate to promote growth of the undernourished children, but was inadequate to maintain this growth during the second 6 months of intervention. The study shows that fish can be an ideal vehicle to supplement undernourished children with good food that provides, in addition to energy, animal proteins, ω6 and ω3 fatty acids as well as micronutrients (iron and zinc).
Long-term solutions are, however, dependent on easily available aquaculture ventures that rely on community participation.
